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Introduction
The distribution of components in a diffusion zone is the most important characteristic of interdiffusion processes, which can be measured directly in interdiffusion experiments for given experimental conditions. To use primary experimental data to predict the components concentration behaviour in diffusion zone in case of arbitrary initial and boundary conditions, the more common characteristicssuch as interdiffusion coefficientshave to be determined. Usually interdiffusion coefficients extracted from experimental concentration-penetration curves can be tabulated and then used, if possible, to calculate the concentration profiles of components for necessary initial and boundary conditions. There exist two different approaches for describing interdiffusion in ternary and multicomponent systems (see, e.g. [1] [2] [3] [4] ). In most researches of diffusion processes in ternary systems, the standard model based on phenomenological equations with four interdiffusion coefficients ) D has been used, where the upper index 3 represents the number of the component, which concentration is supposed to be dependent on other two concentrations (
). These conventional interdiffusion coefficients can be determined from experimental data by the method of intersecting diffusion paths [5, 6] . If the coefficients ) 
The mathematical problems, which arise while solving these equations, are well known (see, e.g. [7] ). The set of equations (Eq.1) can be solved by some additional conditions only supposing that all the coefficients [7] , which is obviously not acceptable in the general case of interdiffusion in ternary metal systems. In principle, this approach can be used when the concentration range of diffusion is small enough and the possible changes of interdiffusion coefficients can be supposed to be negligible. Note that by using this method for calculating diffusion profiles, a lot of interesting results have been obtained on the behaviour of diffusion paths in ternary systems [8] [9] [10] (see, also [2] ). But, it is clear that in case of interdiffusion in single-phase systems, where diffusion paths pass wide composition fields, the supposition const ~) 3 (  ij D cannot be used anymore. Therefore the standard model, based on phenomenological equations with four conventional interdiffusion coefficients, is not applicable for calculations of concentration profiles in the general case of interdiffusion in ternary systems.
As was demonstrated by Dayananda [1, 11] , interdiffusion in multicomponent systems may be successfully analyzed on the basis of a phenomenological model, where the so-called effective interdiffusion coefficients (or, as they sometimes have been called, effective binary diffusion coefficients) of the components play a central role. Despite the opinion of several authors affirming that attempts to use effective diffusion coefficients in the description of multicomponent diffusion may be "more of a hindrance than a help" toward understanding the rich variety of diffusion effects in these systems (see, e.g., [2] ), the uselessness of such a model seems not to be scientifically proved. Moreover, the model has proven itself to be useful for analyzing interdiffusion phenomena in several ternary systems [1, [12] [13] [14] . As will be shown below, the effective interdiffusion coefficients, which can be easily determined from experimental data for an entire composition range, give a relatively simple possibility to restore concentration profiles of diffusing components for a given annealing time. To extract these coefficients from experimental data, it is sufficient to find the magnitude of the gradient x c i   / and to calculate the flux from the experimental concentration curve. This method of calculation for effective interdiffusion coefficients in a ternary system is virtually coincident with the Matano-Boltzmann method that is used for determination of interdiffusion coefficients in binary systems (see, e.g., [3] ). Consequently, if the effective interdiffusion coefficients are known for some diffusion couple the concentration distribution of components in the diffusion zone can, in principle, be calculated using Boltzmann's solution [15] for the diffusion equation with variable diffusion coefficient.
In order to clarify the problems which might appear at such calculating procedures in case of ternary systems, in the present work the concentration profiles for several diffusion couples in the Fe-Co-Ni and Cu-Fe-Ni systems, where effective interdiffusion coefficients are available [12, 16] , have been calculated. The peculiarities of these calculations are discussed and some recommendations on how to solve possible difficulties, which may sometimes arise at calculation procedures, are given.
Theoretical background
The effective interdiffusion coefficient (1)
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Eq. 1 in partial derivatives can by means of the introduction of the variable
be easily transferred to the ordinary differential equation, where all values ( i D and c i ) are now functions of the one variable λ:
The solution of Eq. 2 at the initial and boundary conditions:
was first given by Boltzmann [5] . In Ref. [5] only the final result is shown, therefore, let us consider a more detailed analysis of transformations of Eq.2 for obtaining the final solution. As we can see below, this analysis is important for understanding some restrictions in using Boltzmann's solution in its initial form for ternary and any multicomponent system. First of all, note that Eq. 2 can be rewritten as follows:
Both sides of Eq.4 are equal to zero at ) 0 )
reaches the maximum at the interface ( 0  λ ). Taking this fact into account we obtain after integration of Eq.4:
Note that in the case of binary systems (i = 1, 2) the quantity λ d
may always be taken as positive and the notation of absolute value in Eq.6 is not necessary. In the general case, the interdiffusion coefficient ) ( λ D i may have either positive or negative values and therefore we have to separate different regions for Eq. 6 (C is always positive):
and
Defect and Diffusion Forum Vol. 333
As a result, we have to write the solution of Eq. 2 as shown below in Eq. 7, instead of using the Boltzmann's solution, given in Ref. [5] :
where Y i is relative concentration of the i-th component, in the following form:
where the coordinate λ refers to the singular point (zero flux plane), where
. Note that in the points of local maximum or minimum where dc
is everywhere in the denominator (see, Eq. 7 and Eq. 8).
Eq. 7-8 can be used for calculation of concentration profiles:
for a given initial and boundary conditions, if the function
for these conditions is known. The particularities of these calculation procedures are discussed below.
Results and discussion
For the calculation of concentration profiles by means of Eq.7-8 we used the MS EXCEL calculation program as the most available and simple calculation program among a huge variety of existing calculation means. This way used just to be convinced of the practical usefulness of such evaluations often needed in experimental and technical activities. A similar program was used in [17] for calculating the diffusion profiles in the binary Cu-Ni system, where an excellent correlation between calculated and experimental values (of components concentration) was obtained. Moreover, this encouraged us to test an analogous program for calculating concentration profiles in the case of ternary systems.
A schematic succession of calculation operations is shown in Table 1 . It is necessary to note that in this program the calculation of the integral  The Excel-based program used Eq.7-8 to calculate concentration profiles for several diffusion couples in ternary systems Co-Fe-Ni and Cu-Fe-Ni in cases where experimental data for the functions ) ( λ D i were available [12, 16] . First, the program was used in cases where no ZFP plane in the diffusion zone were found, i.e. for every value of λ 0 ) (  λ D i . In all these cases good agreement between calculated concentration profiles (concentration-penetration or c i = c i (λ) curves) and corresponding experimental data was found. At the same time there were observed some differences in the accuracy of results depending on the "complexity" of the concentrationpenetration curves. In the case of smooth concentration curves, the coincidence of calculated and experimental values of concentration was always very good (mainly within ± 1 at.%) but when local extrema appeared in concentration distributions, the results of calculation became sensitive to the choice of the step by λ ( λ  ). As a standard, we used the step that ensured a good accuracy of calculation results in the most cases.
An example of calculations in the system Co-Fe-Ni is given below. In Table 2 and in Fig. 1 the initial data, and in Fig. 2 the calculated and experimental concentration profiles are shown. As is seen from Fig.1 175 µm) . In Fig. 2 the results of calculation of concentration profiles for all components compared with experimental data are shown. As one can see from this figure, the coincidence between compared values is quite good. In spite of the relative complexity of concentration-penetration distribution of Co, the results of calculations are in rather strong correlation with the experimental data (see Fig.2b ). Note that the concentration distribution of the third component (for instance, c Co ) can always be calculated as the difference ( the results, which practically coincide with each other and therefore are not separately shown in Fig. 2b . ; ▲experimental data [12] . ), experimental data [16] .
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For the curve ) (x c c Ni Ni  the coincidence between calculated (using the standard step) and experimental data was not as good as in Fig.3 , but it became essentially better when the step
was used (see, Fig. 4 ). ), experimental data [16] .
A special case with ZFP in the diffusion zone was analyzed in an example of calculating the concentration profile of Cu for diffusion couple 97Fe3Cu -71Cu29Ni. As was known from experimental data [16] 
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In order to demonstrate the details of calculation procedures, the step by step calculation results are presented in Table 3 . As one can see from this ) and in this way no infinity problems (deviation to zero) in calculations appeared. This should be noted and kept in mind to avoid such problems at calculations. Summarising, it can be concluded that zero point problems in interdiffusion coefficient calculations are possible to overcome and to obtain reasonable results for concentration distributions. The results of calculations presented in Table 3 are shown in Fig. 5 , where the dashed line corresponds to the data given in the last column of the table. ), ▲experimental data [16] .
Recent Advances in Mass Transport in Engineering Materials
As can be seen from Fig .) This procedure gave a satisfactory result even in such a complicated situation (see, Fig. 5 ).
Conclusion
Calculation of concentration profiles in the ternary systems of Co-Ni-Fe and Cu-Ni-Fe shows that the interdiffusion model, which relies on the effective interdiffusion coefficients, can be successfully used for analyzing composition redistribution in diffusion zone. Particularly, the results of the present work demonstrate that Eq. 8 can be used successfully to predict the behavior of components concentration during diffusion processes in ternary systems. As a result, one can confirm that if we have the data on effective interdiffusion coefficients and their concentration dependence with acceptable accuracy at least for two components in concentration range of a ternary diffusion couple the concentration profiles for all three components can be calculated quite precisely.
Our calculations of concentration profiles (more specifically the method of restoring the concentration distribution in diffusion zones for a given annealing time) in ternary systems showed that the calculation method by means of the improved Boltzmann's solution for diffusion equation with variable diffusion coefficient proves itself to be useful, despite some computing difficulties. The method does not need any special mathematical experience and can be recommended for practical use.
